We have shown that nuclear and cytosolic proteins from embryonal carcinoma F9 cells are able to bind to the early-coding strand of polyoma enhancer A domain. As demonstrated by mobility shift specific competition experiments, DNase I footprlntlng, depurination and depyrimidation interference, and proteolytic clipping performed with single stranded oligonucleotides, some of these proteins bind specifically to the early-coding PEA1 (AP1) motif. In addition, 'Southwestern' analysis has made possible the identification of a 46 KD nuclear protein that binds to this sequence. These cellular proteins did not bind to the complementary single strand as demonstrated by mobility shift analysis, nor did they bind to RNA synthesized in vitro by using the complementary strand as template. They were also shown to be different from their corresponding double strand binding factors. This new dimension in the functional flexibility and complexity of the polyoma enhancer suggests new properties of the classic regulating sequences that could provide additional modulation of regulating activities.
INTRODUCTION
Enhancers are composed of functional domains that act autonomously. However, when more than one is present they usually cooperate so as to increase the efficiency of RNA transcription. Viral enhancers function in a wide variety of tissues and hosts (1) . Several studies of the SV40 enhancer demonstrate that each functional element is composed of subunits which correlate with sequence motifs specifically interacting with cellular transcription factors (2) . Each of the SV40 enhancer motifs, in the form of isolated homo or hetero-oligomers, exhibits cell-specific activities. The association of one or more motifs functioning either cooperatively or non-cooperatively with cellspecific factors creates an enhancer element (3) .
The polyoma enhancer is made up of four functionally redundant domains (4) each of which comprises several sequence motifs constituting protein binding sites (5) (6) (7) (8) (9) (10) (11) (12) (13) .
Domain A of this quadripartite polyoma enhancer (4, 14) has been shown to be essential for viral transcription and replication (15, 16) and interacts with three murine transcription factors PEA1, PEA2 and PEA3 (11, 12) . PEA1 acts as an inducible positive differentiation factor (12) whereas PEA2 acts as a labile repressor (12) . The protooncogene c-ets cooperates with PEA1 in transcriptional activation by binding to the PEA3 motif (17) . PEA1 recognizes the same consensus sequences as: 1) API (8, 18) , a transcription factor detected in many cell types that recognizes control elements in the SV40 enhancer; 2) the adenovirus E3 promoter; 3) the human metallothionein II gene; and 4) several other genes. The API DNA binding activity is made up of either the oncogene c-jun protein (19, 20, 21) or, in vivo, heterodimers between c-jun and c-fos proteins (22, 23) . Both c-jun and c-fos belong to multigene families. The jun proteins, c-jun, jun B and jun D share regions of homology in the C terminus (DNA binding and leucine zipper domains) and in N terminus (gene activation) (24, 25) . They all show similar DNA binding properties and specificities, as well as similar interactions with fas (26) . The existence of families of jun and fas proteins raises the possibility that different junlfas heterodimers constitute a series of gene regulatory complexes with different affinities or specificities required for the precise regulation of gene expression.
Single stranded DNA binding (ssb) proteins are important in DNA replication, recombination and repair in prokaryotes (27) . Recent studies have revealed that a human ssb protein stabilizes single stranded DNA (ssDNA) and stimulates in vitro SV40 replication (28) . The above mentioned ssb proteins are sequence nonspecific, even though they can recognize specific sites on double stranded DNA (dsDNA) subjected to torsional strain (29) .
In addition to non specific proteins, sequence-specific ssb proteins have been recently reported and implicated in replication (30, 31) and transcription (32) (33) (34) (35) (36) .
In this paper we report the identification of ssb proteins specific for the A domain of polyoma enhancer and characterize one ssb protein that binds specifically to the early-coding strand of the sequences recognized by the PEA1 (API) cell regulatory factor.
MATERIALS AND METHODS Oligonucleotides
The following oligonucleotides were synthesized on Coder 300 (Dupont) oligosynthesizer using the phosphoramidite method and purified by gel electrophoresis:
The PEA2 oligonucleotide carries a double point mutation of the PEAl motif at the underlined bases (13, 37) . Core consensus sequences for the double strand binding (dsb) proteins are bold.
Single stranded oligonucleotides (1 pmol) were end-labeled using 5 units of T4 polynucleotide kinase and 2 pmol of [ 7 _32 P ] AT p (6,000 Ci/mmol) in 10 fi\ of kinase buffer (50 mM Tris-HCl pH 7.6, 10 mM MgCl 2 , 5 mM dithiothreitol, 10 mM spermidine and 0.1 mM EDTA) at 37°C for 30 min. Then 2 (d of 0.5 M EDTA were added and the kinase was heat inactivated at 70°C for 10 min. The labeled oligonucleotides were separated from ATP by ethanol precipitation in the presence of 2 /tg of poly d(I-C) as carrier and 0.5 M ammonium acetate. After centrifugation for 30 min at 10,000Xg at 4°C, the pellet was washed with 90% ethanol, dried and resuspended in distilled water.
Cell cultures
Murine embryonal carcinoma cell line F9 (38) and NTH 3T6 fibroblast cells were grown in Dulbecco's modified Eagle medium (DMEM, Gibco), supplemented with 10% fetal calf serum (FCS, Flow) in 100 mm tissue culture dishes. They were grown to early confluence prior to harvesting for extraction.
Preparation of cell extracts
The extracts were prepared by a new procedure derived from a combination of the Shapiro et al. (39) and Schreiber et al. (40) protocols. This method permitted us to prepare nuclear extracts from 1 to 10 million cells without the addition of any detergent that could interfere with the DNA-protein interactions.
F9 and 3T6 cells were harvested, washed with phosphate buffered saline [PBS: 10 mM Na.HPO 4 (pH 7.4), 150 mM NaCl], pelleted by centrifugation at 170xg for 10 min at 4°C, resuspended in approximately 50 volumes of PBS, and repelleted. The washed cell pellet was transferred to a 1.5 ml graduated Eppendorf tube by resuspension in a small volume of PBS and sedimented at 10,000xg for 15 sec at 4°C. The packed cell volume (PCV) was measured and the cells were resuspended in 5 PCV of hypotonic buffer [10 mM Hepes (pH 7.9), 0.75 mM spermidine, 0.15 mM spermine, 10 mM KC1, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM phenylmethanesulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT) and 2 mM benzamidine]. The cells were allowed to swell for 10 min on ice and were pelleted by centrifugation at 10,000xg for 15 sec at 4°C. The buffer was decanted and replaced with 2 X the original PCV of hypotonic buffer. The cells were broken by 20 strokes with a type B pestle of a 1 ml Dounce homogenizer, leaving to > 95% cell breakage. Then 0.1 volume of sucrose restore buffer [9 volumes of 75 % RNase free sucrose (wt/vol) to 1 volume of lOxsalts: 500 mM Hepes (pH 7.9), 7.5 mM spermidine, 1.5 mM spermine, 100 mM KC1, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 10 mM DTT and 20 mM benzamidine] was added immediately and the homogenate mixed with 10 strokes of the pestle. The homogenate was immediately spun down for 30 sec at 10,000Xg at 4°C. The supernatant (considered as cytosolic fraction) was separated and the viscous nuclear pellet resuspended in 1 PCV of nuclear extraction buffer [20 mM Hepes (pH 7.9), 0.75 mM spermidine, 0.15 mM spermine, 10 mM KC1, 0.2 mM EDTA, 2 mM EGTA, 1 mM PMSF, 2 mM DTT, 2 mM benzamidine and 0.4 M NaCl], kept on ice for 15 min with a 5 sec vigorous vortexing every min, and sedimented by centrifugation for 5 min at 10,000xg. The supernatant (nuclear fraction) was carefully removed and the pellet discarded. Both nuclear and cytosolic extracts were stored at -70°C in small aliquots.
The protein concentration of these extracts was 5 -10 mg/ml as determined by the method of Bradford (41) .
Mobility shift assay
The standard gel shift assay was performed in a volume of 10 fi\ and consisted of 32 P-end-labeled oligonucleotide (5,000-10,000 cpm corresponding to about 50 pg); poly d(I-C) (1 /tg; Pharmacia); 1 -5 y\ nuclear and/or cytosolic extract and 10 mM Hepes pH 7.9, 60 mM KC1, 9% glycerol, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSF, 2 mM benzamidine. The oligonucleotide probe was added last to the reaction mixture after 10 min of pre-binding at room temperature. The complete mixture was incubated 10 min at room temperature and then loaded onto a 6% polyacrylamide gel (acrylamide: bisacrylamide ratio 30:1) in 0.25 XTBE buffer. The gel was run for 3 hours in a cold room at 250 V, dried and autoradiographed. For the competition experiments, various quantities of unlabeled competitor oligonucleotide were added at the beginning of the binding reaction before the labeled probe.
Proteolytic clipping bandshift assay Proteolytic clipping bandshift assay was carried out using trypsin and proteinase K as described by Schreiber et al. (42) .
DNase I footprinting
The cell extracts (30 ng) were incubated on ice with 1 /xg of poly d(I-C) in 10 mM Hepes pH 7.9, 10% glycerol, 0.1 mM EDTA, 50 mM KC1, 2 mM MgCl 2 , 0.25 mM DTT, 4 mM spermidine in a total volume of 20 /tl. After 10 min, 50,000 cpm (250 pg) of 5' end labeled DNA was added and the incubation continued for 20 min. DNase I digestion was carried out on ice for 5 min by addition of 2 y\ of a solution containing 50 mM MgCl 2 and different dilutions of DNase I, ranging from 10 ng to 300 ng. Reactions were stopped by addition of 2 n\ of 0.5 M EDTA, 10 ng proteinase K, 1 ^g of tRNA and incubation at 65°C for 60 min. The samples were dried in a Speed Vac, washed with 90% ethanol, redried, resuspended in formamide buffer, heat denatured (5 min, 90°C), loaded on a 0.3 mm thick, 17% acrylamide, 0.57% bisacrylamide, 8 M urea gel and electrophoresed at 2,000 V. For autoradiography, gels were exposed at -80°C with intensifying screens.
DNA modifications
End-labeled single stranded oligonucleotides (0.1 pmol) were methylated with 1 /tl of dimethyl sulfate for 20 min on ice (43) and used as substrate in standard binding reactions.
Depurination and depyrimidation of the end-labeled single stranded oligonucleotides were performed as described (44) .
Preparative gel retardation
The standard binding reaction was scaled up to 50 /tl and contained 100,000 cpm (500 pg for interference assays or 10 ng for 'Southwestern' analysis) of the appropriate oligonucleotide probe in addition to 10 /tg poly d(I-C) and 100 /tg of F9 nuclear or cytosolic extract. After incubation on ice for 15 min, binding reactions were loaded onto 6% polyacrylamide gels and electrophoresed as above. Autoradiography at 4°C identified free and bound complexes which were excised from the native polyacrylamide gel and eluted for depurination and depyrimidation interference and 'Southwestern' assays.
Depurination and depyrimidation interference assays
The DNAs were eluted by overnight incubation at 37°C in 0.5 M ammonium acetate, 1 mM EDTA and 0.1 mg/ml proteinase K, ethanol precipitated in 0.5 M ammonium acetate with 1 /tg of salmon sperm DNA as carrier, and piperidine cleaved (10%, 90°C, 30 min). Samples were resuspended in formamide, loaded on 0.3 mm thick, 17% acrylamide, 0.57% bisacrylamide, 8 M urea gel, and electrophoresed at 2,000 V.
SDS PAGE, renaturation and 'Southwestern' blotting
The proteins were eluted by overnight incubation at 37°C in 0.1 % SDS. The samples were dried in Speed Vac, and resuspended in Laemmli's loading buffer and loaded on a 1 mm thick, 10% SDS-PAGE gel (45) .
Proteins were electrotransferred onto nitrocellulose filter and renatured for 24 h as described by Schreiber et al. (42) . The filters were incubated with a mixture of nuclear and cytosolic F9 extracts in mobility shift buffer (with 0.3 mM spermine, 0.1 mM spermidine) at 4°C for 4 h and then washed twice with washing buffer (same as renaturation buffer except that it contains 0.25% milk powder and 0.3 mM spermine, 0.1 mM spermidine). For DNA binding the filters were sealed in a plastic bag containing 10 ml binding buffer (same composition as washing buffer with 10 /tg poly d(J-C) and 1 pmol end-labeled early PEA 1 oligonucleotide) and gently shaken at 4°C for 16 h. The filters were washed twice in washing buffer for 15 min, air dried and exposed to X-ray films.
RNA synthesis RNA was synthesized by transcription with T7 RNA polymerase as described by Milligan et al. (46) with the following oligonucleotide template:
that yielded the following RNA transcript:
RNA was purified by phenol extraction and ethanol precipitation, dried and resuspended in water. We obtained about 5 /tg of RNA from 50 ng of template. After phosphatase treatment, the RNA was end-labeled with polynucleotide kinase as described for DNA oligonucleotide.
RESULTS

Mouse F9 and 3T6 cells contain sequence specific single stranded DNA binding activities
We assayed the binding ability of cell free extracts to single and double stranded DNA (ssDNA, dsDNA) oligonucleotides corresponding to the A enhancer region of transcription control of polyoma virus ( Figure 1 ). Using 5' 32 P-end-labeled PEA1 and PEA2 oligonucleotides as probes, we found various in vitro binding activities of the 3T6 and F9 cells that were specific for the early-coding polyoma DNA strand (lanes A1,B1, and C1,D1), without any detectable binding to the complementary single strand (lanes A2,B2, and C2.D2). Each cellular type had a different binding pattern with ePEAl: 3T6 displayed three different complexes and F9 showed mainly one complex (lanes A1,B1). On the other hand, both 3T6 and F9 displayed several retarded migrating bands with ePEA2 (lanes C1,D1).
In accordance with previous reports (47, 48) , while 3T6 displayed the classic PEA1 and PEA2 double strand binding (dsb) activities Ganes A3,A4 and C3,C4), F9 failed to form any detectable dsDNA-protein complexes (lanes B3,B4 and D3.D4).
F9 single strand binding (ssb) proteins did not interact with dsDNA. When the late-coding strand was added to the preformed complex and allowed to reassociate to the early-coding strand, it promoted the formation of dsDNA at the expense of the complex. No other retarded species appeared, indicating that the proteins did not remain bound between the strands (lanes B3,D3). In the case of the 3T6 ssDNA-protein complexes (lane A1,C1), the formation of dsDNA shifted the retarded species to a new P-end-labeled oligonucleotide was incubated with 10 jig of the nuclear (nF9) (A, B,E) or cytosolic (cF9) (C,F) F9 extract in the absence or the presence of the specified amounts of unlabeled competitors: ePEAl, short ePEAl (sePEAl), phosphorylated ePEAl (pePEAl), ePEA2, heat denatured salmon sperm DNA (hdSS), E. coli tRNA (tRNA), ribo-oligonucleotide ePEAl (rePEAl). 50 pg of fully methylated ePEAl (mePEAl) (D) or 100 pg 32 P-labeled ribo-oligonucleotide ePEAl (rePEAl) (G) were incubated with 10 ng of the nF9 or cF9 where indicated. After incubation the complexes were subjected to non-denaturing 6% PAGE as described in Materials and Methods. I > and II >: lower and upper single stranded DNA-protein complexes.
• Single stranded free DNA.
position of lower mobility (lane A3,C3). These results suggest that the factors that bind to ssDNA are different from those that bind to dsDNA.
F9 nuclear and cytosolic factors specifically recognize the single stranded ePEAl sequence
We characterized the ePEAl binding factors in F9 extracts because the interactions in the mouse embryonal carcinoma cells appeared to be simpler, i.e. uncomplicated by the dsb activities.
As shown in Figure 2 , we examined the binding specificity for the ePEAl by means of competition with different DNA sequences in mobility shift experiments.
As expected, upon addition of non-radioactive ePEAl, the complex diminished but to a lesser extent than is usual for dsb activities (lanes A2,A3). The competitor was shorter than the probe in a phosphate group. Next, we tried the effect of an unlabeled phosphorylated ePEAl (pePEAl) which was a better competitor since 10 ng of pePEAl competed almost as well as 50 ng of the nonphosphorylated one (lanes A3,A4). It should be noted that we do not know the efficiency of the kinase reaction on ePEAl with unlabeled ATP. We can suppose that a 100% 5'-end phosphorylated ePEAl would compete even more effectively. Because the 5'-end of ePEAl seemed to be crucial, we synthesized a shorter oligonucleotide lacking the first four 5' bases of ePEAl (see Materials and Methods). This oligonucleotide was used as probe or alternatively as a competitor. Results showed that the formation of the ePEAl complex was not inhibited by the addition of 1,000 fold molar excess of this short ePEAl (sePEAl) (lane B3). However, ePEAl competed for the F9 complex more efficiently than the sePEAl when the latter was used as probe (data not shown). This result indicates that the presence of these 4 bases in the 5'end of ePEAl is important for the stabilization of the complex.
Moreover, the ePEA2 oligonucleotide that carries the ePEA2 and a mutated ePEAl motif with two substitutions (13,37) (see Materials and Methods) did not compete for the nuclear binding activity (lane B4), suggesting that this activity has a strong sequence specificity for ePEA 1. Upon testing the extracts with other single stranded fragments such as NF1 (13) and GTII-c (1), no inhibition was observed (data not shown).
When ePEAl was incubated with F9 nuclear extracts in the presence of various amounts of non-radioactive competitor heat denatured salmon sperm (hdSS) DNA, we found a decrease in intensity of the complex when the amount of competitor DNA was increased (lanes B5.B6).
We found some indirect evidence that the DNA binding activities can also interact with RNA. E. coli tRNA decreased (lane E2) and RNase treatment increased (data not shown) the amount of DNA-protein complexes with ePEA 1. These results suggest that these proteins could bind in vivo to RNA with ePEAl sequence instead of to ssDNA. If RNA were the target, the binding factors would also be present in the cytosolic fraction. Lane Cl shows that a strong lower (I) and a weak upper complex (U) appeared when cytosolic F9 extracts were incubated with ePEAl. Both cytosolic complexes displayed the same mobility retardation as the nuclear complexes. The cytosolic complexes formation was inhibited by the addition of an 1,000 fold molar excess of ePEAl but not by the same amount of sePEAl (lanes C2,C3). As in the case of the nuclear complexes (see above), hdSS DNA and E. coli tRNA decreased the amount of labeled complexes Qanes C5,C6,F2), whereas ePEA2 did not show any effect Qane C4) and RNase enhanced the complexes (data not shown).
We also studied the effect of DNA methylation on the binding reaction. We found that total G-methylation of the ePEAl oligonucleotide with dimethylsulphate did not affect its binding properties ( Figure 2D ).
F9 nuclear and cytosolic factors did not bind to a synthetic RNA with ePEAl sequence
In order to test if the nuclear and cytosolic proteins were able to bind RNA with ePEAl sequence, we synthesized unlabeled and 32 P-end-labeled ribo-ePEAl (rePEAl). As shown in Figure 2 , neither 32 P-end-labeled rePEAl was able to form any detectable RNA-protein complex (lanes G2,G3), and the unlabeled rePEAl did not compete with the DNA ePEAl-protein complexes (lanes E3,F3) .
This result suggests mat ePEA 1 DNA is the target of these cell factors. Thus, the decrease in intensity of the complex in the presence of E. coli tRNA could be due to a nonspecific recognition by these factors of RNA secondary structures absent in the short oligonucleotide rePEAl.
DNA-protein complexes gradually increase with protein concentration
As shown in Figure 3A , the amount of DNA-protein complexes increased with the concentration of total proteins in both nuclear (lanes A2-A6) and cytosolic (lanes A7-A9) extracts, indicating that in our standard incubation conditions the probe was not saturated. Furthermore, the simultaneous presence of nuclear and cytosolic extracts resulted in a pattern that looked like the superposition of the separate patterns (lane A10) suggesting that complex (I) was the same in both extracts.
Polyamines modify the properties of nuclear and cytosolic F9 binding activities Polyamines bind to nucleic acids, partially neutralizing the negative charges on the phosphate groups. These ubiquitous compounds, which can be successfully replaced by divalent cations in some reactions, facilitate RNA-protein interactions as well as the association of ribosomal subunits and are able to modify the activity of various enzymes concerned with nucleic acid metabolism (48) .
In order to study the effect of polyamines and Mg 2+ on the complex formation, we prepared nuclear and cytosolic extracts in the absence of spermidine and spermine. As shown in Figure 3 (lanes B1,C1), these extracts were much less effective in the formation of complexes. Increasing the amounts of spermidine (lanes B2-B4, C2-C4) or Mg 2+ (lanes B9-B11, C9-C11) increased both the lower (I) and upper (II) complexes, while spermine (lanes B5-B7, C5-C7) enhanced preferentially the lower one. The simultaneous presence of both polyamines gave the same pattern as that of spermine alone (lane B8, C8). Figure 4 shows that in the absence of polyamines, ePEAl competed effectively for both nuclear and cytosolic complexes (lanes A3,A7), whereas in the presence of polyamines, the nuclear complexes were more resistant to competition than the cytosolic ones (lanes C2,C4). Low amounts of hdSS DNA showed no inhibition of the complex (I) formation in both extracts P-end-labeled ePEA213 oligonucleotkle was incubated without or with 100 li% of the nuclear (nP9) or cytosolic (cF9) extract in the the presence of the specified concentrations of DNase I. After deproteinization, the samples were electrophoresed on 17% denaturing poryacrylamide gels as described in Materials and Methods. The sequence of the oligodeoxy ribonucleotide is shown on the right, the protected bases are boxed and DNase I hypersensitive sites marked with arrows. but partially inhibited the cytosolic complex (II) formation Qanes A2.A6), as was the case in the presence of polyamines (Fig. 2:  lanes B5.C5) . Moreover, in the absence of polyamines, the ePEA2 that carries a mutated ePEAl sequence showed the same competition pattern as low amounts of hdSS DNA Gane A4, A8).
When the assay was performed in the absence of polyamines, both nuclear and cytosolic complexes displayed similar stability with increasing ionic strength Qanes B1-B3, B4-B6). About 25% of complex (I) and 50% of complex (II) remained at 0.5 M NaCl (lanes B3,B6) . In the presence of polyamines, the cytosolic (I) binding activity was very sensitive to salt and almost disappeared at 0.3 M NaCl (lanes D4-D6). The nuclear complex (I) was more resistant to increasing ionic strength, partially remaining at 0.5 M NaCl (lanes Dl -D3). Roth the nuclear and the cytosolic complexes (U) were less sensitive to ionic strength (lanes D1-D3, D4-D6).
Thermal stability and proteolytic digestion reveal differences between nuclear and cytosolic ePEAl binding proteins Both the nuclear and cytosolic extracts were insensitive to 60°C for 10 min, but the nuclear extract was partially inactivated at 70°C ( Figure 5A ).
To compare nuclear and cytosolic complexes we used the proteolytic clipping bandshift assay developed by Schreiber et al. (42) .
Trypsin cleaves proteins after arginine or lysine residues (42). Its digestion of the nuclear and cytosolic F9 complexes in the presence of polyamines resulted in different banding patterns. The nuclear and cytosolic complexes (I) showed a similar degradation pattern, whereas the upper cytosolic complex (II) P-endlabeled ePEAl probes were deproteinized, piperidine cleaved and electrophoresed on 17% denaturing polyacrylamide gels as described in Materials and Methods. The sequence of the oligodeoxyribonucleotide is shown on the right, the bases important for complex (I) formation are boxed and the critical ones are also shadowed.
showed a gradual degradation into two different migrating bands ( Figure 5B) .
In order to have a second comparative criterion, we exposed the nuclear and cytosolic complexes to digestion with proteinase K, a strong and unspecific protease (50) . In the experiment shown in Figure 5C we found new differences between the nuclear and cytosolic complexes. Nuclear complexes revealed a collection of faster migrating bands representing the fragments of the main complex (I) while the cytosolic complex (I) was more sensitive towards this particular protease, yielding only the smallest cleaved complex without any intermediate fragment. However, the cytosolic complex (IT) was more resistant to increasing amounts of proteinase K which gradually shortened it to faster migrating species.
Nuclear and cytosolic factors bind to the single stranded early A domain of polyoma enhancer
For footprinting analysis with a ssb protein, the ePEAl oligonucleotide was unsuitable. DNase I did not efficiently digest free ePEAl. Even under these conditions we found hypersensitive sites in the presence of both nuclear and cytosolic extracts, suggesting a strong DNA-protein interaction (data not shown).
Therefore, in order to characterize the binding site of this factor, we used a 30 bp long oligonucleotide ePEA213 with the wild type motif of the polyoma A enhancer containing the core recognition sequences for PEA2, PEA1 and PEA3 nuclear factors. F9 cell extracts displayed many retarded complexes with ePEA213 without any binding to the complementary 1PEA213 (data not shown).
As shown in Figure 6 Qanes 1,4,7), the DNase I footprint of ePEA213 DNA showed partial protection of the PEA3 (CTT-CCTG) and full protection of the PEA1 (TTAGTCA) binding sites, whereas in the PEA2 (TGCGGTCA) region there were DNase I hypersensitive sites at nt 5122 (A), 5123 (C) and 5129 (T), probably due to the binding of a specific factor. We found only a slight difference in nuclear extract that produced an additional hypersensitive site at nt 5112 (T) in the PEA3 region when compared to cytosolic extract. Nuclear and cytosolic factors recognize the core of single stranded ePEAl sequence To examine the contact points of nuclear and cytosolic proteins with ePEAl, we tested the effect of partially depurinated and depyrimidated single stranded oligonucleotide on DNA-protein binding. The resulting free and bound DNAs were eluted from the preparative mobility shift gel, cleaved at the depurinated or depyrimidated bases by treatment with piperidine (43) and electrophoresed on a denaturing polyacrylamide gel. Figure 7 shows the results obtained with both nuclear and cytosolic extracts. The removal of any one of the seven bases at the ePEAl consensus core sequence (TTAGTCA), especially from nt 5116 to 5119 (TAGT), severely interfered with the DNA-protein interaction in nuclear and cytosolic complexes (I). The same effect was obtained by the removal of bases at the 5' end. The nuclear complex (Tf) behaved the same as the nuclear and cytosolic complexes (I) (data not shown). However, the cytosolic protein (IT) showed a higher sequence specificity, since all the bases were essential for binding.
Identification of the proteins that bind to ePEAl
'Southwestern' analysis of the retarded complexes using ePEAl as probe, revealed that a 46 kD protein takes part in both nuclear and the lower (I) cytosolic complexes ( Figure 8 ). The latter showed some smearing probably due to proteolytic degradation. However, a faint and diffused band corresponding to a larger protein (about 130 KD) seemed to be involved in the cytosolic complex (IT).
DISCUSSION
We present evidence for the binding of murine nuclear and cytosolic factors to sequences located on the early-coding strand of the polyoma enhancer A domain. These factors did not bind to the complementary single strand as demonstrated by mobility shift analysis and seemed different from their corresponding double strand binding proteins (Fig. 1) . The fact that only the early-coding strand in the PEA1, PEA2 and PEA3 region formed ssDNA-protein complexes strongly suggests the possibility of a functional correlation.
Single stranded ePEAl displayed characteristic retardation patterns with nuclear and cytosolic extracts prepared from three different murine cell lines. The main F9 complex (I) seemed to be ubiquitous, while others were cell-type specific. It is worth noting that neuroblastoma cell extracts showed a retardation pattern similar to that of 3T6 (data not shown).
We interpret all the retarded bands as evidence for DNAprotein complexes since they were trypsin (Fig. 5B) , proteinase K sensitive (Fig. 5C ) and RNase A resistant (data not shown). The formation of the complexes was unaffected by 1 mM ATP or GTP (data not shown), but was dependent on the presence of magnesium, spermidine and spermine (Fig. 3) .
In addition to early-coding strands of the A enhancer control sequences, single stranded NF1 (13) and GT-IIc (1) probes yielded ssDNA-protein complexes that presented different mobility shift patterns (data not shown). However, the binding activity displayed by ePEAl sequence was not competed by ePEA2 (Fig. 2) or by other oligonucleotides containing NF1 and GT-IIc sequences (data not shown).
High amounts (100 ng) of heat denatured salmon sperm DNA (hdSS) competed with ePEAl for complex formation (Fig. 2) .
We do not consider that this was a specific competition because: i) the fraction of the API sequence within the ePEAl oligo is 7/17, corresponding to 20.6 ng of specific single stranded API sequence in 50 ng of ePEAl; ii) if the 7 nucleotides of the API sequence are randomly represented in the salmon genome (about 10 9 bp) once per 4 7 bp, we would expect to find only 42 pg in 100 ng of hdSS DNA; iii) if we consider that every gene has one API site at its regulatory region, a maximal estimate, we can add 24 pg more (considering about 3.5 10 4 genes in the salmon genome). However, these 66 pg cannot account for the observed effect. Thus, as was the case for tRNA, we cannot exclude that secondary structures generated by other sequences are also recognized by the factors.
The dependence of nuclear and cytosolic binding proteins on polyamines merits some discussion. While in the absence of polyamines both nuclear and cytosolic complexes displayed similar stability, in the presence of polyamines the cytosolic binding activity was more sensitive than the nuclear one to specific or unspecific competitors and increasing ionic strength (Fig. 4) . These marked effects of polyamines are not surprising since their positive charges could interact with negative charges of both DNA and proteins, thereby changing their interactions in the complexes.
Neither nuclear nor cytosolic proteins bound to RNA synthesized in vitro by using the complementary strand as template (Fig. 2G) . These results are compatible with those of Gaillard and Strauss (36,51) who described a factor recognizing a sequence in the late strand of the regulatory region of SV40 which does not bind to RNA.
Additional differences between nuclear and cytosolic ssb proteins were revealed using the proteolytic clipping bandshift assay (42) . Trypsin or proteinase K digestion of the nuclear and cytosolic proteins resulted in different banding patterns (Fig. 5) . The most likely interpretation of these digestion patterns is that both the nuclear (I and H) and cytosolic (I) complexes were composed of the same proteins, whereas the cytosolic complex (II) contained other proteins. This was confirmed by 'Southwestern' blotting which showed the same 46 KD protein in cytosolic (I) and both nuclear (I and IT) migrating bands, whereas the cytosolic (IT) band was produced by a putative 130 KD protein (Fig. 8) . In addition depurination and depyrimidation interference experiments indicate that the cytosolic complex (IT) has higher sequence specificity than do both cytosolic and nuclear complexes (I) (Fig. 7) .
The minima] binding site for PEAl, defined by depurination and depyrimidation interference, contains the region that corresponds to the core consensus sequence of the PEAl (API). Furthermore, when two base substitutions (37) that are known to abolish the binding to double stranded PEAl (dsPEAl) (13) were introduced, the nuclear and cytosolic specific complexes for the ePEA 1 sequence motif did not appear, demonstrating the high sequence specificity of these proteins.
An oligonucleotide lacking the first four 5' bases of the ePEAl sequence (sePEAl) showed either a reduction in binding (data not shown) or competition activities (Fig. 2) . The terminal bases were important for the stabilization of specific binding, as is also suggested by the competition with an unlabeled 5' phosphorylated ePEAl (Fig. 2) and depurination/depyrimidation interference experiments (Fig. 7) . Furthermore, a clear DNase I footprint (Fig. 6 ) appeared on the ePEAl region of the ePEA213 where the PEAl core is flanked by different sequences (see Materials and Methods). We can then speculate that the presence but not the sequence of the 5' terminal bases is important for the stability of the complex. However, the complete integrity at the 3' end of the sequence was not necessary for the complex formation as was demonstrated by the depurination and depyrimidation interference (Fig. 7) .
Nuclear and cytosolic complexes showed similar patterns of protection to DNase I digestion on the ePEA3 and ePEAl sequences. In addition, the ePEA2 sequence showed hypersensitivity to this enzyme. Because the three consensus sequences displayed a modified cutting pattern for DNAse I digestion in the presence of cell extracts, we conclude that all these sequences are involved in strong DNA-protein interactions that affect ssDNA conformation (Fig. 6) .
While competition experiments, ionic strength effects, thermal stability and proteolytic clipping suggest that the main nuclear and cytosolic complexes are different, mobility shift assay, DNase I footprinting, depurination and depyrimidation interference and 'Southwestern' analysis suggest that they are quite similar. This apparent contradiction could be resolved if we consider the possibility that the nuclear proteins are the result of posttranslational modifications of the cytosolic ones, suggesting an additional regulatory mechanism of their biological activities.
With respect to the role of these binding activities, we have no direct evidence suggesting that nuclear proteins are specifically associated to the early-coding strand in vivo. However, short stretches of ssDNA are supposed to be transiently present in the genome, for example, during replication and transcription, thus the possible role of these proteins could be related to either of these processes. These ssb proteins could be regulatory factors by themselves or, as was recently reported (52) , promoters for the binding of regulatory proteins to their responsive elements.
Finally, from the data here reported it appears that the ssb proteins described have the recognition motif represented in PEA 1. Since F9 cells are supposed to lack c-jun and a functional c-fos (8, 12, 48) , it seems unlikely that ePEAl ssb protein is the same as or a part of the dsPEAl binding activity.
Given the importance of PEAl, PEA2 and PEA3 regions in the control of transcription, we consider it worthwhile to attempt to isolate and characterize these ssb activities in order to investigate their physiological roles in regulating replication and transcription.
